Abstract
Introduction
Many plants and bacteria have the ability to produce folate. Folate is essential for most animals including humans and insufficient intake of folate may lead to physiological 50 disorders, such as anaemia and neural tube defects in newborns (20) . Among elderly people, folate deficiency may also lead to mental disorders such as psychiatric syndromes and decreased cognitive performance (6, 13) . It is also assumed that folate has protective properties against cardiovascular diseases and a few types of cancer (4, 5, 20) . Metabolic engineering of fermentative microbes can be used to produce food products with elevated 55 folate content.
The folate biosynthesis proceeds via the conversion of GTP in seven consecutive steps to the biological active cofactor tetrahydrofolate (THF). Two condensation reactions take place in the biosynthesis pathway of THF. The first is the condensation of para-aminobenzoic acid (pABA) with 2-amino-4-hydroxy-6-hydroxymethyl-7,8-dihydropteridine to produce 60 dihydropteroate. The second is the reaction of glutamate with dihydropteroate to form dihydrofolate (8) (Fig. 1) . pABA itself is synthesized from the pentose phosphate pathway; in this pathway D-erythrose 4-phosphate is condensed with phosphoenolpyruvate to ultimately lead to chorismate (Fig. 1) . Chorismate serves as a branching point for the synthesis of the aromatic amino acids (tryptophan, phenylalanine, tyrosine) and pABA (21) . In E. coli 65 chorismate is converted via chorismate synthetase component I and II (PabB and PabA, EC 6.3.5.8) into 4-amino-4-deoxychorismate. Subsequently, pyruvate is cleaved of by 4-amino-4-deoxychorismate lyase (PabC, EC 4.1. 3.38) , to result in pABA (10, 26) (Fig. 1) . pABA knockout strains in E. coli are unable to grow in the absence of pABA or folate in a minimal medium (9, 15) . Without pABA, no THF can be produced and THF is essential as the donor 70 and acceptor of one-carbon groups (i.e methyl, formyl, methenyl and methylene) in the
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on August 15, 2017 by guest http://aem.asm.org/ Downloaded from biosynthesis of purines and pyrimidines, formyl-methionyl tRNA fmet and some amino acids (24, 37) . Interestingly, it was found that Streptococcus faecalis R, incapable of producing folate, was able to grow on medium without folate. Growth was achieved in a chemically defined medium supplemented with medium components which require folate for 75 biosynthesis, i.e. methionine, serine, thymine, adenine, and guanine (33) .
An extensive genetic metabolic engineering approach has been applied to the folate biosynthesis genes in L. lactis (38) . The overexpression of the folate gene-cluster (folB, folKE, folP folQ and folC) resulted in a folate overproducing strain, but only when pABA was added to the medium. 80
In this paper we describe the involvement of the pABA genes in the production of folate in L.
lactis. First, the genes coding for pABA biosynthesis were characterized. Second, a pABA knockout strain was constructed; in this strain folate production and growth performance were analyzed in the presence and absence of pABA, glycine, serine and nucleobases/nucleosides (guanine, adenine, uracil, xanthine, inosine, thymidine and orotic acid). Finally, we analyzed 85 the effect of combined overexpression of the folate biosynthesis genes and the pABA biosynthesis genes on folate pools.
Materials and methods

90
Bacterial strains, growth and cultivations
The bacterial strains, plasmids and primers used in this study are listed in Table 1 . The Lactococcus lactis NZ9000 derived strains were grown at 30°C, on CDM (chemically defined medium) (25, 27, 29) and M17 broth and agar (43 tryptophan, and 0.325 g/L valine, 0.01 g/L guanine, 0.01 g/L adenine, 0.01 g/L uracil, and 0.01 g/L xanthine. CDM was used to evaluate the growth rate, and the pools of pABA and folate. M17-broth and M17-agar were used for the construction of the engineered strains. The CDM described here may lack nucleobases, nucleosides, glycine, serine and pABA. When these components were added separately, the concentrations as described above were used. 110 Spent medium was made by growth of the NZ9000∆pABA strain on CDM lacking nucleobases, nucleosides, glycine, serine and pABA, the spent medium was filter sterilized by a 0.22 µm filter. The pH of the spent medium was adjusted to the original pH of 6,5 and 0,5% additional glucose was added, hereafter this medium was filter sterilized again. The spent medium was subsequently used as growth medium to test specific nutrient requirements of L. 115 lactis NZ9000∆pABA.. The E. coli DH5α strain (47) , used for the construction of the pABA knockout (KO), was grown at 37 o C, in TY medium and plates (30) . Growth rates for the L. lactis strains were determined in 96 wells microtiter plates by turbidity measurements at 600 nm using the Spectra Max384 spectrophotometer (Molecular Devices). To select and maintain the plasmid, we used the following antibiotics: chloramphenicol 10 mg/l, tetracycline 10 mg/l, 120 erythromycin 10 mg/l for L. lactis; 50 mg/l for E. coli. Lithuania), were purchased from Invitrogen. The pre-integration vector for inactivation of pabA-pabB/C gene cluster was constructed by using the Cre-lox system (17) Table I ) and the reverse primer RLLpabA15nucl-R were 140 used ( Table I) Overproduction of pABA by using the pNZ8148 and the pIL253 vector.
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For the overproduction of pABA and complementation of strain NZ9000∆pABA, two nisininducible vectors were constructed. One vector was based on pNZ8148 (16) and the other one on pIL253 (35) . First, the pNZ8148-derived vector was constructed; the L. lactis pABA 190 biosynthesis gene cluster pabA-pabB/C was amplified by PCR using the forward primer lclpabAsphI and the reverse primer lclpabBCxbaI. The lclpabAsph and lclpabBCxbaI primers were modified in their sequence to introduce two restriction sites. The forward primer contained a SphI site and the reverse primer contained a XbaI restriction site, respectively (underlined in Table 1 ). The vector pNZ8148 was digested with XbaI and SphI and the same 195 digestion was performed on the amplified DNA of the pABA gene cluster. Subsequently, both A pNZ8148-derivative was used for the constitutive overexpression of pABA. The pNZ8148 vector was first digested using BglII and SphI. The same digestion was also performed on the pNZ7017 vector (39) , thereby excising the constitutive pepN promoter. The digested pNZ8148 vector and pepN promoter were mixed and both fragments were ligated using T4 ligase. Subsequently, the ligation mixture was added to competent cells of L. lactis NZ9000 215 for transformation by electroporation. Transformants capable of growing on MRS plates containing chloramphenicol were selected and checked for the presence of the vector. The resulting vector was named pNZ7021. Plasmid pNZ7021 was hereafter isolated from L. lactis.
To construct the vector for constitutive pABA overproduction, first the pABA gene cluster of L. lactis was amplified using the forward primer lclpabAsphI2F and the reverse primer 220 lclpabBCxbaIR (modified sequence to introduce an SpHI and XbaI digestion sequence,
on August 15, 2017 by guest http://aem.asm.org/ Downloaded from underlined in Table 1 ). Plasmid pNZ7021 and the PCR product were digested with SphI and XbaI. These two DNA fragments were ligated and transferred to electrocompetent cell of L. lactis NZ9000 and NZ9000∆pABA. The constructed vector was designated as pNZ7022. In addition, L. lactis wild-type and NZ9000∆pABA strain were transformed with pNZ8148 to 225 deliver experimental control strains.
Folate and pABA analyses.
Folate was quantified using the microbiological assay with Lactobacillus casei ATCC 7469 as the indicator strain. Enzymatic deconjugation of polyglutamate tails was part of the sample 230 preparation (11, 40) . The detection limit of the microbiological folate assay was determined to be 2 µg/L. To analyze folate production in the pABA knockout strain grown on CDM lacking pABA and/or nucleobases/nucleosides, the following concentration step was employed to detect low folate concentrations. A culture (250 ml) was centrifuged and washed twice with 50 ml (100 mM sodium acetate and 1 % vitamin C; to prevent oxidation of the folate 235 molecules) wash buffer. The pellet was resuspended in 5 ml wash buffer and subsequently extracted by bead beating (3 times for 30 sec. at speed 4 using the FastprepFP120 (Qbiogene Inc, Cedex, France). The broken cells were boiled for 3 min. Subsequently, the supernatant was collected by centrifugation and the centrifugation step was repeated several times to remove all cell debris. The clear supernatant was finally lyophilized and the resulting cell free 240 extract was dissolved in 0,5 ml 0,1 M NaOH and was further used for folate analyses using the microbiological assay.
The pABA production levels were determined using a procedure based on the HPLC method described previously (41, 42) . Instead of using a HPLC separation gradient of 75% elution liquid B (MilliQ + 1,5 % formic acid) and 25% elution liquid C (MilliQ 80%/methanol 20%; 245 for pABA production, which would be in agreement the observed folate production in the L. lactis NZ9000 strain, when cultivated in the absence of pABA (41) .
Inactivation of pabA-pabB/C gene cluster. The presence, activity and physiological role of the pABA biosynthesis pathway in L. lactis was evaluated by inactivating of the pABA gene cluster through the construction a double-crossover mutant. Strain L. lactis 275
NZ9000∆pABA was constructed which lacks 98.8 % of the pABA gene cluster. Growth rate, final OD 600 and total folate pools were determined for the wild-type strain and strain NZ9000∆pABA, grown on CDM in the presence or absence of pABA and nucleobases/nucleosides ( Table 2 ). The growth rate and final OD 600 of strain NZ9000∆pABA on medium lacking pABA and nucleobases/nucleosides is severely impaired, reaching a µ max 280 of only 0.02 h -1 and final OD 600 of 0.5, which is much lower when compared to the growth rate of 0.31 h -1 and final OD 600 of 3.2 for the wild-type, respectively. The fact that the NZ9000∆pABA strain was able to grow poorly but consistent on medium lacking pABA and nucleobases/nucleosides is somewhat unexpected. Therefore, it was checked whether the CDM contained trace amounts pABA, folate, glycine, serine, or nucleobases/nucleosides. To 285 test this, the following experiment was conducted. Strain NZ9000∆pABA was grown on CDM lacking pABA glycine, serine, and nucleobases/nucleosides till no further increase in optical density was observed (OD 600 of 0.5). The spent medium of strain NZ9000∆pABA was filter-sterilized, adjusted to the initial pH, and finally 0,5 % additional glucose was added. . Table 3 ). The results of this experiment, together with the data supplied in table 2 show that, in L. plantarum, folate is essential for purine biosynthesis. The experiments also show that 300 folate is not strictly required for the pyrimidine biosynthesis pathway. Finally, we conclude that the folate dependent interconversion of glycine and serine is not essential for growth (24, 37) .
Folate pools were determined in wild-type and in strain NZ9000∆pABA on CDM containing or lacking pABA and nucleobases/nucleosides (Table 2 ). Regardless whether 305 pABA and nucleobases/nucleosides were added to the medium, L. lactis wild-type accumulated folate pools ranging from 90.3 to 129.9 µg/L. This is consistent with folate pools in L. lactis strains measured in another study (41) . However, the pABA knockout strain was unable to accumulate folate pools when cultivated on CDM lacking pABA, thereby reaching folate levels of only 0.05 µg/L. This low level of accumulated folate is possibly a 310 consequence of the uptake of traces folate, folate precursors or pABA from the medium (see above). Interestingly, the growth rate of strain NZ9000∆pABA was restored by the addition of nucleobases/nucleosides to the medium, whereas folate pools remained very low (0.05 µg/L). The addition of pABA to a culture of the NZ9000∆pABA strain boosted folate pools back to wild-type levels, approximately 100 µg/L ( Table 2 ). These experiments suggest that 315 folate production in L. lactis is only essential for growth when no nucleobases/nucleosides are present in the medium. In the presence of purines, folate is not essential for growth.
Effect of pABA overproduction on the folate and pABA pools in the wild-type and
NZ9000∆pABA strain. The pabA-pabB/C genes for the biosynthesis of pABA were cloned on different plasmids to determine the impact of pABA overproduction on the production of 320
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on August 15, 2017 by guest http://aem.asm.org/ Downloaded from folate in the wild-type and NZ9000∆pABA strain. Strain NZ9000 and NZ9000∆pABA were complemented with two nisin inducible pABA overexpression vectors (pNZ7020 and pNZ7023) and one constitutive pABA overproduction vector (pNZ7022). Folate analysis, performed on strain NZ9000∆pABA harboring pNZ7020, showed that pools were restored to wild-type levels, regardless whether nisin was added for induction (data not shown). The 325 folate analyses performed on the wild-type strain harboring pNZ7020 displayed a shift in folate distribution across the intracellular and extracellular compartment upon induction of expression with nisin (Fig. 3) . The L. lactis wild-type strain harboring the empty vector pNZ8148 showed no shift in folate distribution upon induction with nisin, indicating that this shift was caused by the overproduction of pABA and not by the nisin itself. The shift in folate 330 distribution was also observed in strain NZ9000 (wild-type) harboring pNZ7022 (constitutive overexpression), and pNZ7023 (nisin induced overexpression) as well as in the NZ9000∆pABA strain harboring the same pABA overproduction vectors, pNZ7020, pNZ7022 and pNZ7023 (data not shown). In none of the strains, increased folate pools were observed. In conclusion, overproduction of pABA did not increase folate production levels, 335
suggesting the need for a balanced carbon flux through the folate and the pABA biosynthesis pathway.
The levels of pABA production in the L. lactis wild-type, NZ9000∆pABA strain, and the NZ9000∆pABA strain harboring pNZ7020, pNZ7022 and pNZ7023 were quantified. All strains were cultivated on CDM with nucleobases/nucleosides in the absence of pABA. The 340 levels of pABA production were determined by HPLC. Accumulation of pABA could not be detected in the L. lactis wild-type, NZ9000∆pABA strain and the uninduced NZ9000∆pABA strain carrying pNZ7020 or pNZ7023. However, after nisin induction, the strains NZ9000∆pABA harboring pNZ7020 and pNZ7023 were found to accumulate pools of 7. Combined overexpression of folate and pABA. Overexpression of the pABA gene cluster in strain NZ9000∆pABA boosted the pABA production but did not lead to elevated folate pools. Sybesma en coworkers (38) have shown that pABA biosynthesis controls the overproduction of folate in a strain which overexpresses the entire folate gene cluster. We 355 hypothesize that expression of the pteridine -and pABA pathway are tightly coupled. In previous work (38) a L. lactis strain (NZ9000 containing the pNZ7019 vector) was constructed that produces high folate levels; the folate biosynthesis genes (folB, folKE, folP, folQ and folC) were cloned on a high copy vector (pNZ8148 derivative) under the control of the pepN promoter. This strain was cultivated in CDM in the presence and absence of pABA. 360
Only when pABA was supplied to the medium, high folate levels (2.3 mg/L*OD 600 ) were found to be produced. In the absence of pABA, no elevated folate levels were observed (Fig   4. ). Vector pNZ7023 (pIL253 derivative), containing the pabA-pabBC gene cluster under the control of the nisin promoter, was transferred to competent cells of L. lactis NZ9000 harboring pNZ7019. The resulting strain, named L. lactis NZ7024, was cultivated on CDM 365 without pABA. Interestingly, after nisin induction this strain was able to produce 2.7 mg/L*OD 600 folate, independent of pABA supplementation to the growth medium (Fig. 4) . GTP into THF, which can only be achieved when high pABA levels are present. Therefore we conclude that the combined overexpression of pABA and folate biosynthesis genes is essential for the overproduction to folate. The overexpression of only the pABA or the folate gene cluster separately can not boost the folate production.
375
Discussion
Based on the observation in a previous study that L. lactis MG1363 is capable of producing folate (41) , it was expected that all genes for the synthesis of pABA are present in L. lactis. And indeed after some bioinformatics, it was found that L. lactis IL1403 (3), a strain 380 closely related to L. lactis MG1363, possesses the three genes needed for pABA production.
L. lactis MG1363, contains pabA as a separate open reading frame (ORF) and pabB/C as a fused ORF. These merged pabB/C genes were not only found in L. lactis, but also in other Gram-positive bacteria as well as in several Gram-negatives, suggesting that this gene-fusion was an ancient event. Another interesting feature about the pABA genes; is the homology 385 they share with the genes for tryptophan biosynthesis. The gene pabA is homologous with the trpG gene, and pabB is homologous to trpE (23) . However, no pabC homologue has been found, suggesting that pabC is very specific for converting 4-amino-4-deoxychorismate into pABA, In the tryptophan biosynthesis pathway, chorismate is converted via TrpE and TrpG into 2-aminobenzoic acid (anthranilate), whereas in the pABA biosynthesis pathway, 390 chorismate is converted via PabA, PabB and PabC into 4-aminobenzoic acid (pABA). The fact that two enzymes are required to produce 2-aminobenzoic acid, and three enzymes are needed for synthesis of pABA, highlights the important role of PabC, and the crucial difference between the tryptophan and the pABA biosynthesis pathway. conversion of dUMP to dTMP, and for the conversion of glycine into serine. Glycine, serine and pyrimidines can be omitted from the medium, and still the NZ9000∆pABA strain is able to grow, providing the presence of purines in the medium. This demonstrates that the pyrimidine biosynthesis pathway seems to operate in the absence of 5,10-methylenetetrahydrofolate. This raises the question which co-factor, other than folate, is used 410 by thymidylate synthase (EC 2.1.1.45) for the conversion of dUMP to dTMP. However, the complex defined medium contains components that can circumvent the necessity of 5,10-methylenetetrahydrofolate as cofactor for the glycine-serine interconversion. From the model of the metabolic network of L. plantarum WCFS1 (44) it could be deduced that threonine can be converted into glycine via threonine aldolase (EC 4.1.2.5.). In addition, the reconstructed 415 metabolic network also predicts that cysteine can be converted into serine by cysteine synthetase (EC 4.2.99.8) and serine O-acetyltransferase (EC 2.3.1.30). In a similar experiment, the inhibitory effect of antifolates like methotrexate (MTX) and trimethoprim (TRM) can also be counteracted by the addition of the end products of folate biosynthesis. Although overproduction of pABA alone did not result in elevated (total) folate pools, we observed a shift in the folate distribution across the cytoplasmic membrane (accumulated versus secreted folate). The overproduction of pABA leads to relatively low intracellular folate pools and a relatively high secretion of folate. An explanation for this phenomenon is that elevated pABA pools might inhibit the activity of the enzyme responsible for the 440 elongation of the polyglutamate tail of the folate molecule, folyl polyglutamate synthethase. It is known that monoglutamate THF molecules diffuse more readily out of the cell as compared to the higher charged polyglutamate THF derivates (19, 22, 34) . In L. lactis is was found that The observation that folate production was already restored in the pABA knockout strain without nisin induction, suggests that the inducible nisin promoter in the vectors pNZ7020 and pNZ7023, exhibited a low but significant activity in the absence of its inducer molecule (nisin). As a result, the wild-type phenotype is already restored in the absence of the inducer nisin. The use of high and intermediate copy number plasmids such as pNZ7020 and 450 pNZ7023 vector, respectively, can amplify the effect of low promoter activity, resulting in restoration of the wild type phenotype.
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This study shows that the activity of the pathways for folate and pABA biosynthesis in L. lactis are tightly correlated. First, the deletion of the pABA genes in L. lactis eliminated the ability to synthesize folate, causing a complete inability to grow in the absence of purine 455 nucleobases/nucleosides. In the presence of purine nucleobases/nucleosides, folate is not required for growth. Furthermore, we have shown that folate is not strictly required for the pyrimidine biosynthesis pathway. The overproduction of folate or pABA alone did not result in a strain with increased folate pools. However, the combined overexpression of folate and pABA biosynthesis pathways, led to a high folate producing strain which does not rely on 460 supplementation of precursors in the medium. This strongly suggests that in the wild-type cells the production of pABA and 2-amino-4-hydroxy-6-hydroxymethyl-7,8-dihydropteridine * These samples were concentrated 500-fold prior to addition in the microbiological assay. The actual 510 concentration given in this table is the calculated value based on analysis of the concentrated sample in the assay. 
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